INTRODUCTION
The interaction of plasma membrane with the cytoskeleton involves a large number of proteins (for review see Jacobson, 1983) , among them synapsin (Baines & Bennett, 1985) , proteins related to band 4.1 (Cohen et al., 1982) , ankyrin (Davis & Bennett, 1984) and spectrin (Branton et al., 1981) .
During the last 5 years a new protein family (Owens & Crumpton, 1984) of 35-36 kDa was also reported to be involved in cytoskeleton-membrane interactions, as shown by using immunofluorescence techniques (Gerke & Weber, 1984; Gould et al., 1984) or by their binding properties to the endoplasmic reticulum (Geisow et al., 1984; Sawyer & Cohen, 1985; Glenney, 1986a) . These proteins have been isolated from different tissues or cells and named differently, depending on their origin, as calpactins I and II (Glenney, 1986b) or proteins I and II (Gerke & Weber, 1984) from bovine or pig intestine, lipocortins I and II ) from human placenta, calelectrin (Siidhof et al., 1984) from bovine liver, calcimedin (Moore & Dedman, 1982) from chicken gizzard, cytosynalin (Sobue et al., 1987) from bovine brain, p36 (Erikson & Erikson, 1980; Soric & Gordon, 1986 ) from chicken-embryo fibroblasts or lymphocytes (Davies & Crumpton, 1983) , p35 (Fava & Cohen, 1984; Sawyer & Cohen, 1985) from A-431 cells, and chromobindins 6 and 7 (Geisow & Burgoyne, 1982; Martin & Creutz, 1987) from adrenal medulla.
In order to determine possible relationships between all these 35-36 kDa proteins, various studies have been carried out. Shadle et al. (1985) and Geisow et al. (1984) have established that p36, the substrate of the oncogene product pp60sr, is identical with one of the calelectrins and closely related to calpactin I. The p36 protein is also referred to as calpactin I (Glenney, 1986b) and protein I (Gerke & Weber, 1984) . The p35 originally reported by Fava & Cohen (1984) , also referred to as calpactin II , does not cross-react with antiserum elicited against p36.
In addition, CNBr-cleavage peptide maps of lipocortin I and p35, the epidermal-growth-factor receptor substrate, are identical . Taken together, these results strongly suggest that p35, lipocortin I and calpactin II are the same gene product (Huang et al., 1986; De et al., 1987; Haigler et al., 1987) .
cDNA sequences of bovine p36 (Kristensen et al., 1986) and human p35 (Huang et al., 1986) and protein sequence determination of protein II (Weber et al., 1987) ruled out the possibility that p35 and protein II are proteolytic fragments of p36.
Immunological comparisons made by using polyclonal antibodies raised against 35 kDa calcimedin demonstrate that the epidermal-growth-factor-receptor kinase substrate p35 and the pp6osrc kinase substrate p36 are immunologically unrelated to calcimedin (Smith & Dedman, 1986) . The p36 subunits of lipocortin II, calpactin I and protein I are cleaved by limited proteolysis into two domains of 3 kDa and 33 kDa (Glenney & Tack, 1985) . The 3 kDa N-terminal part contains the site for phosphorylation of pp6Osrc tyrosine kinase and C-kinase (Gould et al., 1986) .
The complete coding sequence of p36 and p35 and the deduced protein sequences have shown that p36 and p35 are composed of multiple domains with internal repeats of about 70 amino acid residues. bovine aorta both as a monomer and in a complex with a 10 kDa protein.
We show: (i) that the 36 kDa and 10 kDa proteins are analogous to or identical with the 36 kDa and 10 kDa proteins isolated and sequenced from bovine intestine (Kristensen et al., 1986; Saris et al., 1987) ; (ii) that the association of the 10 kDa protein with the 36 kDa protein confers specific calmodulin-binding and actinsevering properties on the complex that are not possessed by the 36 kDa monomer alone.
MATERIALS AND METHODS

Materials
Bovine aortic-muscle actin was prepared as previously described by Cavadore et al. (1985) . Glutaraldehydestabilized aortic F-actin (Herman & Pollard, 1979) was coupled to CNBr-activated Sepharose 4B (Pharmacia) as indicated by the manufacturer. The Mono Q and Mono S ion-exchange columns were processed with a fast protein liquid chromatography system (Pharmacia, Uppsala, Sweden). Thermolysin was from Serva (Heidelberg, Germany) and Staphylococcus aureus V8 proteinase from Miles Laboratories (Elkhart, IN, U.S.A.). Calmodulin-Sepharose 4B was from Pharmacia.
Protein concentrations
These were determined by the method of Spector (1978) , with y-globulins as standards.
Polyacrylamide-gel electrophoresis
This was carried out in the presence of 0.1 % SDS as described by Laemmli (1970) . Two-dimensional gel electrophoresis was performed as described by O'Farrell (1975) . Gels were stained with Coomassie Blue.
Electro-elution was performed in a Biotrap apparatus (Schleicher and Schuell) on Coomassie-Blue-stained gel fragments, as described by Jacobs & Clad (1986) .
Amino acid analysis
This was performed on a Chromakon amino acid analyser (Kontron, Geneva, Switzerland) after hydrolysis with HCI or methanesulphonic acid. Cysteine was determined after performic acid oxidation (Moore, 1963) . Phospho amino acids were determined as described by Capony & Demaille (1983) after partial acid hydrolysis in 5.7 M-HCI for 2h at 110 C. F-actin-binding assays Interaction between actin and purified proteins was determined by the procedure of Bretscher & Weber (1980) . Aortic G-actin was mixed with each protein in the appropriate molar ratio in actin-polymerizing buffer (10 mM-Tris/HCl buffer, pH 7.5, containing 0.2 mM-CaCl2, 1 mM-DTT, 1 mM-ATP, 100 mM-KCl and 2 mM-MgCl2). After incubation for 1 h at 25 'C, samples were centrifuged at 100000 g for 45 min in a Beckman Airfuge. Supernatants and pellets were recovered separately and subjected to SDS/PAGE (0.1 %-SDS/ 5-20 % polyacrylamide-gradient slab gel electrophoresis).
Calmodulin-binding assays
Interaction between calmodulin and 36 kDa monomer or complex was performed by using affinity chromatography on calmodulin-Sepharose (Pharmacia). Bound proteins in Ca2" buffer (20 mM-Tris/HCl buffer, pH 7.5, containing 100 mM-NaCl and 1 mM-CaCl2) were eluted in EGTA-containing buffer (20 mM-Tris/HCl buffer, pH 7.5, containing 100 mM-NaCl and 2 mM-EGTA). Proteolytic cleavage All enzymic cleavages were performed in 20 mM-Tris/ HCI buffer, pH 7.5, containing 0.2 mM-CaCl2 and 0.5 mM-DTT at 25 'C. The enzyme/protein ratio was 1:40 (w/w). The enzymic reactions were stopped by adding 5 vol. of sample electrophoresis buffer containing 9 M-urea, 1 0% SDS and 1 mM-DTT or by lowering the pH to 5.0 with HCI. Proteolytic-fragment purification and sequencing Peptides were obtained by fractionation on Ultrapore C3 (Beckman) with an acetonitrile gradient in aqueous trifluoroacetic acid as described by Mahoney & Hermodson (1980) . N-Terminal sequences were determined with an Applied Biosystems model 470 A sequencer coupled to a model 120 A phenylthiohydantoin analyser. Electron microscopy Actin (1 mg/ml) was polymerized with 0.1 M-KCI and 2 mM-MgCl2 in the absence or in the presence of actinbinding proteins at various molar ratios. Mixtures were left for 1 h at 25 'C and then diluted to 0.1 mg/ml with actin-polymerizing buffer; 10 ul of solution was pipetted on to a 200-mesh Formvar/carbon-coated grid. After 1 min the grid was washed with 10 drops of actinpolymerizing buffer. The grid was stained with 10 drops of 0.5 % (w/v) uranyl acetate, air-dried and observed with a JEOL 200 electron microscope operating at 80 kV with a 20 ,m aperture. Isolation of the 36 kDa protein and 36 kDa + 10 kDa protein complex Bovine aortas were obtained fresh from a local slaughterhouse. After removal of fat and connective tissue, the aortas were washed with 0.15 M-NaCl and used fresh or frozen at -80 'C. All the following steps were performed at 4 'C. Thawed tissue (150 g) was minced and homogenized, for 2 x 30 s in a Waring blender, in 3 vol. of buffer A (20 mM-Tris/HCl buffer, pH 7.5, containing 100 mM-NaCl, 1.5 mM-DTT, 5 mM-EGTA and 1 % Triton X-100). Phenylmethanesulphonyl fluoride (0.1 mM) and leupeptin, chymostatin and soyabean trypsin inhibitor (10 mg/I each) were used as proteinase inhibitors. The solubilized material was separated from the insoluble core by centrifugation at 27000 g for 15 min. The pellet was resuspended in 3 vol. of buffer A without Triton X-100, homogenized and centrifuged as described above. The combined supernatants were subjected to dialysis/concentration against buffer B (20 mM-Tris/HCI buffer, pH 7.5, containing 100 mM-NaCl, 0.5 mM-DTT and 1 mM-EGTA) by using a hollow glass-fibre device (Filtral AM 69 HF; Hospal Corp., Basel, Switzerland). The concentrated solution (about 200 ml) was clarified by ultracentrifugation at 60000 g for 2 h. The supernatant was adjusted to a final free Ca2+ concentration of 2 mm. Ca2" was added just before the concentrated solution was loaded on to an aortic F-actin-Sepharose 4B column previously equi- Mono Q column After an initial wash with 5 ml of equilibration buffer (20 mM-Tris/HCI buffer, pH 7.5, containing 2 mM-EGTA and 1 mM-DTT), bound proteins were eluted by a linear gradient of 0-0.6 M-NaCl (----) in the same buffer. The absorbance at 280 nm ( ) was monitored continuously (panel a). Panel (b) shows SDS/5-20 %-PAGE of selected fractions. The molecular-mass markers are identical with those in Fig. 1 . The fraction volume was 1 ml. returned to baseline. Bound proteins were eluted stepwise with buffer B containing 5 mM-EGTA and then buffer B containing 5 mM-EGTA and 6 M-urea (Fig. 1 ). Fractions eluted with 5 mM-EGTA were pooled and loaded on to an anion-exchange column (Mono Q), and fractionated by using a linear 0-0.6 M-NaCl gradient in 20 mM-Tris/ HCl buffer, pH 7.5, containing 2 mM-EGTA and 1 mM-DTT (Fig. 2a) , and analysed by SDS/PAGE (Fig. 2b) .
The flow-through material from the Mono Q column was pooled and dialysed overnight against 50 mM-Mes/ NaOH buffer, pH 5.5, containing 1 mM-DTT and 2 mM-EGTA. This pool was fractionated on a cation-exchange column (Mono S). Bound proteins were eluted with a linear 0-1 M-NaCl gradient in the same buffer (Fig. 3a) and analysed by SDS/PAGE (Fig. 3b) . Purified proteins were then dialysed against 40 mM-Hepes/NaOH buffer, pH 7.5, containing 1 mM-DTT. 
RESULTS
Isolation of actin-binding proteins
Homogenization of bovine aorta in buffer containing Triton X-100 and EGTA resulted in solubilization of numerous proteins (Fig. 1, lane L) . Affinity chromatography of this complex protein mixture on a glutaraldehyde-stabilized aortic F-actin-Sepharose column led to specific binding of a smaller number of proteins, among which five proteins, of 67, 36, 34, 32 and 10 kDa (Fig. 1, lanes 1-3) , were prevalent. The 67 kDa, 34 kDa and 32 kDa proteins were fractionated on a Mono Q column (as described by Martin et al., 1987a,b) ( Figs. 2a and 2b) .
The 36 kDa protein and the 36 kDa + 10 kDa protein complex were isolated from major contaminants of 55 and 34 kDa by fractionation on a Mono S column (Figs.  3a and 3b) . The ratio of the 36 kDa protein to the 36 kDa+ 10 kDa protein complex, observed in separate preparations, was about 1: 3. Variation in this ratio did not exceed 25 %. Some biochemical properties of these proteins are summarized in Table 1 . The Stokes radius of the 36 kDa+ 10 kDa protein complex corresponds to a molecular mass of 90 kDa, suggesting that the complex consists of two subunits each of 36 kDa+ 10 kDa. Their amino acid compositions and comparison with bovine intestine p36 are shown in Table 2 ; there was no significant variation in amino acid composition.
Phospho amino acid determination showed that the native 36 kDa monomer and the complex do not contain more than 0.01 mol of phosphoserine/mol. No phosphothreonine or phosphotyrosine was detected. Binding of the purified proteins to actin filaments Proteins selected on the F-actin-Sepharose affinity column as described above were assayed for their ability to co-sediment with filamentous aortic actin. Control experiments with each purified protein (36 kDa+ 10 kDa protein complex and the 36 kDa protein) solubilized in actin-polymerizing buffer (10 mM-Tris/HCl buffer, pH 7.5, containing 100 mM-KCl and 2 mM-MgCl2) in the presence of millimolar concentrations of Ca21 or EGTA showed that none of these proteins sediment by themselves. Fig. 4 shows the results of actin binding of the different proteins under various ionic conditions; the 36 kDa protein and 36 kDa+ 10 kDa protein complex bound to F-actin in a Ca2+-dependent manner.
Partial sequence determination of the 36 kDa and 10 kDa proteins
The purity of these proteins was found to be greater only the 10 kDa subunit was degraded. This result was confirmed by sequencing the 10 kDa subunit isolated by rolysis.
electro-elution from a polyacrylamide gel and further purified by h.p.l.c. These results therefore show that the 36 kDa protein, isolated either as a monomer or complexed with a 10 kDa subunit, has a blocked Nterminus. Partial proteolytic cleavages were also carried out on the 36 kDa monomer and the 36 kDa+ 10 kDa protein complex. In both cases thermolysin yielded 33 kDa and 34 kDa cores that were both accessible to Edman degradation (Fig. 5) . Both 33 kDa cores were sequenced after a final h.p.l.c. purification, as described kDa in the Materials and methods section. Identical amino _N&V 94 acid sequences were obtained for the two 33 kDã 67 cores.
Partial sequences obtained for the 36 kDa and 10 kDa proteins are shown in Fig. 6 (+) and in the absence (-) of Ca2l
The reaction mixture was centrifuged, and the pellet (P) and supernatant (S) were analysed by SDS/5-20 %-PAGE. The actin/actin-binding protein molar ratio was 1: 10. The molecular-mass markers are identical with those of Fig. 1 .
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Electron microscopy of actin filaments Very long filaments could be seen when aortic actin solution was polymerized in the presence of KCI and MgCl2. When actin was polymerized in the presence of 36 kDa protein, the size distribution of the filaments was not significantly modified. In contrast, when actin was polymerized in the presence of the 36 kDa+ 1O kDa protein complex and 2 mM-Ca2+, a shortening of the filaments was observed. Filament severing disappeared when polymerization was carried out in the presence of 2 mM-EGTA instead of Ca2+.
This effect depended on the ratio of 36 kDa+ 10 kDa (Gerke & Weber, 1985b) and plO from pig intestine (Kristensen et al., 1986) with the N-terminal sequences of the thermolysin-cleaved 33 kDa core obtained from the 36 kDa bovine aortic monomer or complex and the 10 kDa bovine aortic protein respectively
The single-letter code is used for amino acids. Boxed letters indicate the presence of a microheterogeneity in the amino acid sequence of bovine aorta 36 kDa protein.
protein complex to actin (results not shown); the lowest molar ratio at which severing of the 36 kDa+ 10 kDa protein complex occurred was 1:40. Fig. 7 shows electron micrographs under these different conditions. Binding of the purified proteins to calmodulin Pzoteins selected by the F-actin-Sepharose column and further purified by ion-exchange were also assayed for their ability to bind to a calmodulin-Sepharose column. As shown in Fig. 8 , the 36 kDa + 10 kDa protein complex bound calmodulin in a Ca2'-dependent manner, but under the same conditions the 36 kDa monomer did not bind it. Proteolytic cleavage of the 36 kDa monomer and 36 kDa + 10 kDa protein Comparative proteolyses of 36 kDa protein and 36 kDa + 10 kDa protein complex with thermolysin and S. aureus V8 proteinase were performed as described in the Materials and methods section (Fig. 5) .
SDS/PAGE analysis of the digests showed the presence of two major bands, of 22 kDa and 16 kDa, and some minor bands, for the 36 kDa monomer, but not for the 36 kDa +1O kDa protein complex, when S. aureus V8 proteinase was used.
The comparison of thermolysin digests of 36 kDa protein and 36 kDa+ 10 kDa protein complex provides evidence that susceptible bonds within the former were partially protected from cleavage by the 10 kDa subunit. Densitometric scans of the Coomassie-Blue-stained gel reveal that 100 % of 36 kDa protein is cleaved to 34 kDa and 33 kDa peptides for the monomer; in contrast, 20 % of the 36 kDa component of the 36 kDa + 10 kDa protein complex is still present after an identical digestion time.
DISCUSSION
Using a new approach exploiting actin-binding properties, we prepared two 36 kDa proteins from smooth-muscle bovine aorta, one a monomer and another in a complex with a 10 kDa subunit. The biochemical data, amino acid analysis, limited proteolytic cleavages and partial sequence determination strongly suggest that these two proteins are identical with, or at least highly analogous to, p36 and calpactin isolated from bovine intestine and pig epithelium respectively (Kristensen et al., 1986; Gerke & Weber, 1985a) . The presence of 36 kDa and 10 kDa isoforms detected by two-dimensional gel electrophoresis cannot be due to phosphorylation, since phosphorylated serine, threonine or tyrosine residues were not detected after partial acid hydrolysis and phospho amino acid analysis. The 10 kDa-proteinbinding site on the 36 kDa protein has been narrowed down to the region of the N-terminal 1-23 residues (Johnson et al., 1986) . The presence of the 10 kDa protein together with the 36 kDa protein induces very strong interactions, which can be disrupted only with 9 M-urea (Gerke & Weber, 1985a) . In our case, we also observed that the presence of 10 kDa protein induced a partial protection of 36 kDa protein from proteolysis by thermolysin (Fig. 5) , confirming that this subunit is linked to the N-terminal region of the 36 kDa protein, since the thermolysin cleavage site of the 36 kDa protein is situated at residue 25.
However, our results demonstrate that the 36 kDa+ 10 kDa protein complex binds not only to actin but also to calmodulin, in a Ca2l-dependent manner. This property is not possessed by the 36 kDa monomer, which does not bind to calmodulin under the same conditions. The Ca2+-induced conformational change of p36 + plO protein complex and p36 protein reported by Gerke & Weber (1985a) (0) and the 36 kDa + 10 kDa protein complex (U) on a calmodulin-Sepharose 4B column The column (1.5 cm x 5 cm) was equilibrated with 20 mMTris/HCI buffer, pH 7.5, containing 1 mM-DTT, 50 imsNaCl and 2 mM-CaCl2, and the sample (0.5 mg/ml), previously dialysed against the same buffer, was loaded at a flow rate of 10 ml/h. The absorbance was monitored at 280 nm, and 0.5 ml fractions were collected. The arrow indicates the position at which the equlilibrating buffer was changed to a buffer containing 5 mM-EGTA.
formation of F-actin bundles, we found that the 36 kDa +1O kDa protein complex severed F-actin filaments in a Ca2+-dependent manner, unlike the 36 kDa monomer, which did not sever or bundle F-actin filaments in the presence of either high or low Ca2l concentrations.
We have no explanation for this discrepancy, except for the source of the protein used in this study. We cannot rule out slight differences in our 10 kDa protein, the regulatory light chain, ofthe 36 kDa + 10 kDa protein complex. Complete sequence determination could provide an answer to these specific points.
The cytoskeletal elements in living cells are interconnected three-dimensionally (Heuser & Kirschner, 1980) , and cytoskeletal structural transitions are observed with changes in Ca2+ concentration. The binding of the 36 kDa +1O kDa protein complex to actin and calmodulin in a Ca2l-dependent fashion suggests that the protein complex could be involved in thin-filamentrelated structures or could modulate some Ca2+-regulated events mediated by calmodulin.
